Despite increasing competition from percutaneous interventions and other novel methods of non-surgical coronary revascularization, coronary artery bypass grafting (CABG) remains one of the most definitive and durable treatments for coronary artery disease, especially for those patients with extensive and diffuse disease. In recent years the CABG procedure itself has undergone innovation and evolution. This review article provides a brief historical perspective on the procedure, and examines the current state of modern variations including off-pump, limited-access, and robotic-assisted CABG. (Circ J 2010; 74: 1031 - 1037 
oronary artery bypass grafting (CABG) is arguably one of the most important and most studied surgical procedures in the history of medicine. Although no other operation has prolonged more lives, provided more relief of symptoms, and been more thoroughly studied, the future of traditional CABG is increasingly threatened by percutaneous alternatives and novel methods of surgical revascularization. Despite this evolution, CABG remains the most durable means of treating patients with coronary artery disease (CAD). This is especially true for patients with extensive and diffuse CAD. Because of the evolving technology, one must constantly assess the risks and benefits of these new techniques and compare them with standard, tested methods. This paper outlines the history and current state of the modern CABG procedures.
Development of CABG
Carrel, over a century ago, realized the connection between angina pectoris and stenoses of the coronary arteries. 1 In a canine model, Carrel interposed a carotid artery segment between the descending thoracic aorta and the left coronary artery. Carrel received the Nobel Prize in Physiology or Medicine for this work on vascular techniques in 1912, 1 but the lack of technology to support the heart hindered the development of surgical revascularization until the middle of the 20 th century.
Montreal surgeon Vineberg, in the 1940s, implanted the internal thoracic arteries into the left ventricular myocardium in patients with angina. 2 The Vineberg procedure was met with variable success, although it was eventually realized that the technique offered little or no benefit over a nonoperative approach. This demonstrated the strong influence of the placebo effect. 3 In 1958 Longmire et al reported on coronary artery endarterectomy, without the use of cardiopulmonary bypass (CPB). 4 Longmire was likely the first to perform a direct internal thoracic artery -coronary artery anastomosis as a consequence of damage to the right coronary artery during one of his endarterectomy procedures.
Around the same time, a number of surgeons were reporting on their early experience with CABG. In 1962 Sabiston performed the first planned saphenous vein bypass operation at Duke University. 5 In 1964 Kolesov grafted the left internal mammary artery (LIMA) to the left anterior descending (LAD) artery, without CPB, 6 and Garrett et al reported on aortocoronary saphenous vein grafting. 7 Favaloro began to routinely use reversed saphenous veins for aorto-coronary grafting. 8 LIMA grafting to the LAD is credited to Green et al in 1968. 9 The use of radial artery grafts was described by Carpentier et al in 1973, but was met with poor results. 10 The use of this graft conduit was revived by Acar in 1989, 10,11 and in recent years has been shown to be quite effective. 12 In the 1970s CABG expanded as a treatment for patients with CAD. Several randomized trials, namely the Coronary Artery Surgery Study (CASS), 13 the Veteran's Administration Coronary Artery Bypass Trial, 14 and the European Coronary Artery Bypass Trial, 15 were conducted and would define the indications and confirm the efficacy of CABG.
CPB
The development of the heart -lung machine by Gibbon 16 was the most important advance in the expanded role of CABG, and of cardiac surgery in general. CPB, and the utilization of cardioplegia, provided a motionless, blood-free surgical field, which enabled the precision and reproducibility necessary for direct coronary anastomosis. Despite the obvious benefits of CPB there was an immediate awareness of its inflammatory and other adverse effects. As the blood cells and humoral factors come into contact with the artificial surfaces of the components of the heart -lung machine, they are activated, resulting in a number of hematological and systemic SELLKE FW et al.
inflammatory changes. 17 These mechanisms, in addition to hemodilution, nearly always result to some extent in coagulopathy, edema, and end-organ dysfunction, including neurocognitive changes. The magnitude of this systemic inflammatory response, in some cases, can be severe and can result in extensive organ injury.
Efforts have been directed at reducing systemic inflammation associated with CPB. These efforts include decreasing the surface area and modifying the surface composition of the CPB circuit to minimize activation of neutrophils and other blood components, minimizing hemodilution by decreasing the volume of the priming solution needed to institute CPB and pre-treatment of patients with anti-inflammatory drugs.
Multivessel Off-Pump Coronary Artery Bypass
Off-pump CABG (off-pump CABG) dates back to the 1970s. 18 Off-pump CABG, however, only recently gained widespread acceptance and entered the mainstream of clinical practice, propelled by a greater awareness of the potential morbidity of CPB and aortic manipulation and facilitated by improvements in surgical tools and techniques. Off-pump CABG is part of the procedural armamentarium of a growing proportion of surgeons worldwide.
The relative merit of off-pump CABG, when compared to conventional CABG with CPB, remains uncertain. Few topics in cardiac surgery have given rise to more debate and controversy. As a result, adoption of the off-pump CABG technique has been sporadic. Current US estimates (based on industry reports) suggest that between 18% and 25% of the 300,000 annual CABG procedures are performed off pump. This percentage seems to be much greater in Japan, China and parts of Europe, where reports suggest that the majority of multivessel CABG procedures are performed without CPB. The reasons for these regional differences in off-pump CABG preference are not certain. There is a perception by many performing a high proportion of off-pump CABG that the procedure is actually much better for the patient than the on-pump approach and that it is less expensive. In the USA a modest number of off-pump CABG procedures are performed by a minority of heart surgeons. That minority, however, performs predominantly off-pump CABG. The vast majority of heart surgeons in the USA perform <5% of cases without CPB.
The well-documented low mortality and morbidity in the majority of both off-pump CABG and conventional CABG patients compounds the difficulty in comparing these procedures. 19, 20 Although prospective, randomized trials comparing results after off-pump CABG and conventional CABG have been performed, 21 a trial of sufficient size to show a statistical difference has only recently been performed. Surprisingly, that study showed little difference between the two methods. 22 Several large, retrospective multicenter series have reported lower incidences of death, stroke, IABP requirement, postoperative transfusion, time on ventilator, and length of stay for off-pump CABG as compared to conventional CABG operations at the same institutions 19,23 and to national database statistics. The impact of selection bias, however, in determining operative technique for any given patient in these series may be a confounding variable. Similar results suggesting superiority of the off-pump CABG procedure have been reported when propensity scores were used in an attempt to decrease the impact of selection bias in an unselected group of patients 24 and in high-risk subgroups. 25 Propensity scoring decreases dissimilarity between the 2 groups being compared with respect to major cardiac and non-cardiac morbidities. The results, however, do not take into account intraoperative findings, such as small, calcified, or diffusely atherosclerotic coronary arteries, intramyocardial or intra-adipose coronary arteries, poor bypass conduit quality, or other conditions that make revascularization technically more demanding and, at many centers, increase the likelihood of the procedure being performed with CPB. As a result, technically difficult revascularizations are more prevalent in the conventional CABG group.
Initial criticism aimed at off-pump CABG centered on concerns regarding adequacy of revascularization and quality and reproducibility of the coronary anastomoses. Initial reports did show a small but significant decrease in the average number of grafts per patient when off-pump CABG was performed as compared to conventional CABG. 26 The development of immobilizers and techniques for lateral and inferior wall exposure allowed skilled off-pump CABG surgeons to perform bypasses to all areas of the heart. More recent series reported little difference in the average number of grafts constructed. 25, 27 Although a few publications have suggested that off-pump CABG is associated with decreased graft patency, 25 the studies have generally been performed at centers that were relatively early in their off-pump CABG experience. There are now several well-documented series that have demonstrated excellent graft patency after off-pump CABG. 21, 28 The recently completed VA trial, however, did demonstrate a slightly but significantly reduced graft patency with offpump CAB vs on-pump CABG. 22 Although controversy remains, there is some evidence that off-pump CABG is associated with decreased operative risk in some high-risk groups. This has been reported in several retrospective, non-randomized studies, 19,29 as well as in studies that looked specifically at older patients with reduced ejection fractions and at patients with renal failure. 30, 31 Other retrospective studies that examined this same topic, however, fail to show any difference between the two methods. 32- 34 A tailored left thoracotomy approach has been reported for reoperative grafting of the lateral wall in patients with patent LIMA -LAD grafts. 35 Using this method a graft can be constructed from the descending thoracic aorta to lateral wall branches, avoiding the challenges associated with repeat sternotomy and LIMA-graft mobilization. Long-term patency data for this type of graft, however, are currently not available. Similarly, lower sternotomy and upper abdominal incisions have been described for constructing grafts to the inferior wall with the right gastroepiploic artery without CPB in the reoperative situation. 36 Although no consensus exists, it is clear to most surgeons that there are many patients for whom off-pump CABG would be technically difficult or unwise (due to a deep intramuscular LAD; small, diffusely diseased coronaries; need for an extensive endarterectomy; or active ischemia associated with hemodynamic compromise). In contrast, some patients probably benefit from off-pump CABG, such as those in whom conventional CABG would expose them to unnecessary risk (due to presence of an atheromatous ascending aorta or systemic process that might be exacerbated by CPB). Therefore, familiarity with the techniques and the ability to perform off-pump CABG when necessary is important for the coronary surgeon. A study commissioned by the American Heart Association concluded that a quality operation can be performed with either off-pump or on-pump CABG, and that the outcome depends more on factors such as the quality of the surgeon, the quality of the institution, and a systematic This failure of off-pump CABG to favorably affect postoperative neurocognitive dysfunction has been largely attributed to the partial occlusion aortic clamp and to microemboli liberated during application and removal of the clamp. Although off-pump CABG obviates the need for placement of a perfusion catheter for CPB or a cross-clamp for cardiac arrest, the side-biting partial occlusion clamp, routinely used at many centers during construction of proximal anastomoses, arguably is equally or more traumatic. 44 Avoiding aortic manipulation, using composite grafts arising from the in situ LIMA, and off-pump CABG have been shown to be important factors in avoiding postoperative stroke. 45 The development of new proximal anastomotic devices and other novel techniques for proximal anastomosis 46 may improve the incidence of neurocognitive dysfunction after off-pump CABG, but this is yet to be determined. Most surgeons agree that off-pump CABG is well suited for revascularization in patients with significant atheromas or calcification of the ascending aorta. In this setting, free grafts constructed from either the right internal mammary artery or the radial artery can be attached to the side of the in situ LIMA and used to perform multivessel off-pump CABG without manipulating the aorta. Occasionally, the innominate, subclavian, or axillary arteries can be used as a site for a proximal anastomosis if they are free of atheromatous plaque. 47 Free grafts can also be attached to a small, disease-free area of the aorta with an automated anastomotic device that obviates the need for a side-biting clamp.
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approach to patient care, rather than the type of CABG operation. 37 Exercising clinical judgment in selecting the appropriate approach for surgical revascularization
Limited Access Coronary Artery Bypass
Efforts to minimize the invasiveness of CABG have focused on decreasing the trauma associated with surgical access. Although median sternotomy is generally well tolerated, patients must refrain from heavy lifting for approximately 2 months after surgery to allow the sternum to heal. Although the incidence of wound complications is generally low, sternal wound infections can be serious and life-threatening. Moreover, the musculoskeletal trauma associated with spreading the halves of the sternum is associated with a systemic inflammatory response that is synergistic with CPB in causing morbidity. 48 
Minimally Invasive Direct Coronary Artery Bypass (MIDCAB)
In 1995 Benetti et al introduced the MIDCAB procedure, 49 which was rapidly adopted by multiple centers in the USA and Europe. 50 The procedure is performed through a small anterior lateral thoracotomy and often consists of a singlevessel off-pump bypass using the LIMA to bypass the LAD. Many early series documented satisfactory results, with lengths of stay shorter than those for standard CABG, decreased resource utilization, earlier return to full activity, reduced requirements for transfusion, and excellent graft patency. 50-52 Some reports suggested a reduced incidence of postoperative atrial fibrillation, 53 but this has not been substantiated by other studies. 54, 55 Although thoracoscopic LIMA mobilization was described in the initial report, 49 most US centers elected to use direct vision and aggressive chest wall retraction to avoid the learning curve associated with videoscopic instrumentation and visualization. The aggressive chest wall retraction required for LIMA mobilization often results in significant early postoperative pain. These factors contributed to the decrease in popularity of the traditional MIDCAB procedure. Nevertheless, several centers skilled in MIDCAB continue to perform the procedure in large numbers and report excellent results. 52,56, 57 Other groups have championed video-assisted MIDCAB, in which the LIMA is mobilized with conventional videoscopic instruments; the LIMA is then anastomosed to the LAD through a small thoracotomy. 58, 59 This approach mitigates some of the shortcomings of a standard MIDCAB, but it is associated with a considerable learning curve. Evaluating the position of the heart and the location of the LAD before the chest wall is incised allows the accurate placement of the chest incision, which further reduces the need for retraction.
Robotic-Assisted CABG
The surgical robot is an elegant microprocessor-controlled, electromechanical instrument that allows the surgeon to remotely manipulate fully articulating videoscopic instruments by way of master -slave servos and microprocessor control. These long, thin instruments, which can be inserted into the closed chest through half-inch incisions, are designed to allow multiple degrees of freedom and can precisely emulate the surgeon's movements at the control console ( Figure) . 60 A clear benefit to the robotic approach over other methods, however, has not been demonstrated. Since the introduction of surgical robotics in the 1990s, there has been a progressive increase in utilization for thoracic surgical procedures. Although mitral valve and noncardiac thoracic procedures account for the majority of cases, there are increasing reports of robotic-assisted coronary revascularization procedures. These reports include robotic LIMA harvest followed by a traditional MIDCAB 61 or left thoracotomy off-pump CABG, 62 totally endoscopic coronary artery bypass (TECAB) on the arrested heart, 63,64 and totally endoscopic bypass without CPB (OP-TECAB). 64 Although most TECABs and OP-TECABs involve only a LIMA -LAD graft, recent reports described a series of multivessel revascularization procedures. 63 These series have demonstrated that each of these methods of limited access off-pump coronary bypass is associated with a shorter hospital stay, less time on mechanical ventilation, fewer transfusions, and a more rapid return to full activity. The operative times are considerably longer than for open procedures, but improved time efficiency with SELLKE FW et al.
experience is the norm. Also, questions related to graft patency and long-term results persist. Several earlier reports suggested a conversion to an open procedure in >50% of cases, but with increased experience, conversion in the ≤10% range is more common. 64 Because of the added expense and difficulty with learning the technique, the routine use of surgical robotics in CABG surgery does not seem likely in the near future. The robot has and will continue to evolve. Improved video resolution, lower mass arms, the addition of a fourth telemanipulator, and the availability of an elegant robotic coronary stabilizer will likely increase its effectiveness and extend its application. Refinement of automated distal anastomotic devices may further increase the growth of robotic coronary revascularization surgery.
Hybrid MIDCAB Approach
Recently, reports have documented successful application of a hybrid strategy combining one of the above minimally invasive LIMA -LAD bypass procedures with catheter-based interventions on the circumflex or right coronary arteries for the treatment of multivessel disease. In most series the catheter-based interventions, which generally entail placement of a drug-eluting stent, were performed several days before or several days after the surgical revascularization, 65 although a same-day hybrid approach has been described. 61 In theory, hybrid procedures provide a complete revascularization while maintaining the survival benefit and angina relief of a LIMA -LAD graft and avoiding the morbidity of sternotomy. Before widespread adoption will occur, however, patency and outcome data are required. Although more labor and cost intensive than traditional CABG, improvements in the techniques and coordination between the surgeon and interventional cardiologists will probably increase the effectiveness and value of the hybrid approach.
Port-Access CABG
In 1996 Heartport™ introduced port-access cardiac surgery as a means of decreasing the trauma associated with surgical access. In port-access cardiac surgery, specialized catheters are inserted into the femoral artery and vein; these catheters allow for initiation of CPB, occlusion of the ascending aorta, administration of cardioplegia, and venting of the ascending aorta. Additional catheters introduced percutaneously into the Current Surgical Myocardial Revascularization left jugular vein allow for delivery of retrograde cardioplegia into the coronary sinus and venting of the pulmonary artery. A small chest incision can then be tailored for the desired procedure. In the late 1990s several series of multivessel CABG procedures performed through a left thoracotomy demonstrated acceptable results with port access institution of CPB and coronary revascularization and other types of cardiac operations. 66, 67 While this method became less popular for multivessel bypass, port access has remained an essential component of single-vessel TECAB, and it remains an enabling technique in performing limited access mitral and tricuspid procedures and repair of atrial septal defects. Recently, improved techniques and instruments have made multivessel coronary artery bypass a viable method. McGinn et al examined the feasibility and safety of minimally invasive surgical coronary bypass grafting (MICS CABG) using port access and a small incision approach. 68 This is a novel approach to the surgical treatment of patients with coronary disease that may be performed with or without the use of CPB. During the operation an apical positioner and epicardial stabilizer are introduced into the chest through the subxyphoid and left 7 th intercostal spaces, respectively. The left internal thoracic artery was used to graft the LAD artery, and radial artery or saphenous vein segments used to graft the lateral and inferior myocardial regions. There was a 7.6% utilization of CPB, a 3.8% conversion to sternotomy, and a 2.2% return to the operating room for bleeding. Perioperative mortality occurred in 1.3% of patients. The study demonstrated that MICS CABG is feasible and that the short-term outcomes are excellent. There were several limitations, however. First, there was no comparison to other techniques. It is questionable how universally this procedure can be applied. The low number of bypasses performed (just over 2 per patient) suggest that this is not an average or typical group of CABG patients, and that the patients were "cherry picked". The authors admit that there is an extensive learning curve. Although the cosmetic result is obviously better compared to a standard sternotomy incision, that study does not demonstrate improved short-or long-term outcomes or prove better graft patency or survival, which would suggest an improvement over current techniques. MICS CABG, however, may potentially make multivessel minimally invasive surgery more effective and more widely available.
Graft Selection and Patency
Multiple long-term angiographic studies have described the patency rates of different types of grafts, and risk-factors associated with their premature closure. It is unquestionable that the internal mammary artery graft to the LAD artery graft markedly improves the long-term quality of CABG with regard to survival and relief of symptoms. Many studies have demonstrated better clinical outcomes with the increased use of arterial grafts. 69 These, however, have nearly always been retrospective analyses subject to considerable selection bias, making definitive conclusions questionable. Several methods have attempted to improve vein graft patency. The Prevent IV trial examined the effects of a gene transcription factor decoy to minimize intimal hyperplasia. Despite a good theory, the results were negative. 70 In a new attempt, vein graft patency after application of an external support and reduction of lumen diameter has been examined and demonstrated improved patency in preliminary studies. 71 The CASCADE study demonstrated a >95% vein graft patency at 1 year, if care was taken in using only good-quality vein. In addition, the study examined the additive effects of clopidogril with aspirin on graft patency. The addition of clopidogrel did not improve either arterial or vein graft patency after 1 year. 72 
Conclusion
CABG remains a durable method of coronary revascularization. Its future is assured, but efforts should be directed at further development and research in order to evaluate the role of such factors as complete arterial grafting, modified vein grafts, minimally invasive techniques, secondary prevention programs, and adjunct pharmacotherapeutic strategies in achieving a more effective and less morbid operation. Regardless of the modification, an objective assessment of the results needs to be made in order to assure optimal surgical or percutaneous revascularization and quality of care.
